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This article suggests installing a series compensator on grid-connected 
induction motors that allows for the ride-through of unbalanced voltage sag. 
Fuzzy logic controls the motor voltages in a standard three-phase voltage 
source inverter or voltage source inverter (VSI). An open-ended three-phase 
machine and the grid form a series connection for the VSI. The proposed 
system is well suited for uses where frequency variation is unnecessary, such 
as with large pumps or fans. There is no requirement for a direct current (DC) 
source or injection transformer when conducting an electric mutual coupling 
The severity of the sag in the grid voltage that will prevent EMC from shutting 
down is proportional to the load on the motors. An increase in the voltage of 
the DC link may be necessary if the voltage is not balanced. A 1.5 hp four- 
pole induction motor was used alongside grid voltage disturbances to test the 
proposed compensator's ride-through capability. Grid's current analysis 
demonstrates that the proposed system does not require the addition of a 


passive filter to achieve low levels of total harmonic distortion (THD). 
Additionally, the control strategy, component ratings, and analysis of the 
converter's output voltage operating principle and pulse width modulation 
technique are covered. The system's viability is shown via simulation and 
experimental results. 
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1. INTRODUCTION 

Due to their central role in most manufacturing processes, problems with machines are a common source 
of disruption. The induction motors are the best option for these sorts of tasks. Their effectiveness is reliant on 
the reliability of the input voltage [1]. Grid power quality problems can occur when machinery is supplied either 
directly by the utility or through adjustable speed drives (ASD) [2]. As a result, avoiding overheating and subpar 
performance by keeping the voltage at rated can reduce costs and negative effects on the environment. The three- 
phase voltage sag, or a drop in rms voltage of 0.1 to 0.9 p.u. over the course of half a cycle to 1 minute, is a 
common phenomenon that degrades the power quality of electrical power systems [3]. This sort of disruption 
typically results from a malfunction or the initial start-up of an induction motor [4]. Power electronic devices like 
the dynamic voltage restorer (DVR) are frequently employed for the purpose of addressing such issues. Injection 
transformers are used in most DVRs to transmit a voltage in a series configuration between the load and the 
grid [5]. Whether a digital video recorder (DVR) requires an additional power source to keep up with demand in 
the event of an interruption. It depends on the strategy of control and the tolerance of the operation. In this study, 
for induction motors, the feasibility of a series compensator with DVR function, a three-phase H-bridge topology 
was investigated. The equivalent circuit of the induction motor connection made using an H-bridge is a type of 
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electrical switch that mediates the flow of electricity between the mains and the device it's powering bypassing 
the need for injection transformers [6]. Furthermore, the absence of passive filters is due to the inductive nature 
of the machine [7]. Moreover, the voltages across their DC links are stored in floating capacitors rather than being 
hardwired. Three-phase H-bridge converters are interesting because of their ability to control voltage, which can 
be used to get the machine going, improve motor efficiency, or produce reactive power. 

For grid-connected induction motor applications, a three-phase equivalent circuit minimizes components 
as shown in Figure 1 [4]. However, it does not specify how it operates when impacted by fluctuations in grid 
voltage. Unbalanced three-phase voltage sag power supplies reduce induction motors’ derating factor [4]. This 
study examines a series compensator for grid-connected induction motors that can "ride through" voltage sags. A 
standard three-phase voltage source inverter (VSI) links the induction motor and grid (with open-ended windings). 
VSI has three insulated-gate bipolar transistor (GBT) legs and a floating capacitor. 

For manufacturing equipment including compressors, centrifuges, evaporators, and agitators, the 
converter under investigation is an excellent choice [8]. Figure 2 [9] depicts how a three-phase H-bridge converter 
appears and functions. Among the uses are power factor correction, electric vehicles, improved motor 
performance, and series active power filters. A series compensator has also been suggested as a possible substitute 
for a transformer [10]. 


Grid 


Figure 1. Equivalent circuit of induction motor [4] 


Figure 2. The equivalent circuit of the induction motor [8] 


The tri-phase induction motor is protected against unbalanced power grid voltage swings by the motor 
equivalent circuit, which uses a simple voltage management technique derived from steady-state and dynamic 
system conduct [11]. The compensator only requires one direct current link and half the number of power switches 
required by a typical three-phase H-bridge converter. The efficacy of the system might be increased by the 
suggested one [1]. It is possible to synthesis only three levels of line-to-line voltage, and the VSI DC-voltage link 
has double the voltage of the H-bridges. Nonetheless, the THD of the grid current is well within safe bounds, and 
the DC voltage does not change at a rate twice that of the line frequency [12]. An uneven voltage source won't 
have an impact. This article elaborates on the concepts introduced in its predecessor, covering topics such as grid 
voltage imbalance, minimum DC-link voltage, pulse width modulation (PWM), [13] small-signal system 
modeling, controller parameter design, and a comparison study based on grid voltage imbalance are all topics that 
are talked about in this article, current total harmonic distortion (THD), component ratings, and semiconductor 
power losses. In this section, we discuss the operating principle, the output voltage analysis, and the control 
strategy. Both experimental and numerical simulation results corroborate the theory. 
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2. METHODOLOGIES 

This is accomplished by compensating for the reference motor (v*1) and grid (vg) voltages, after which 
a series voltage is injected. Volts of direct current (VDC) uses active power, so energy storage is unnecessary. 
Energy-minimized voltage injection (EMC) is the technique used here [14]. EMC adapts the phase of the load 
voltage to control the current through the VSI [15]. A voltage drop analysis involves symmetrical parts. 
Consequently, the per-phase grid voltage phasor representation is as (1). The DC voltage level of the floating 
capacitor H-bridge converter has a linear relationship with the AC voltage injected by the suggested system 
since the PWM modulation approach utilized in this paper stays within the linear range regarding DC voltage 
utilization mathematical expressions are solving from equations shown in (1) and (2). 


Va = [1 —(VP" «cosd) +(V?" «sin@) (1) 


Squaring on both sides 
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2.1. Analysis of voltage 

There are possible to identify the cause of an unbalanced voltage drop by analyzing the disturbance's 
origin, the load's characteristics, and the transformer's connection to the PCC [16]. Variations in Connecting a 
motor to a three-phase, three-wire feeder allow for the use of both positive and negative grid voltages, which 
in turn allow for the use of a characteristic voltage (V) and P-N factor (F). This is due to the accuracy issues 
associated with measuring grid voltages [17]. Voltage imbalance is a complicated term that is used in general. 
The grid voltages exhibit the behavior depicted according to the phasor diagrams shown in Figures 3(a)-3(c) 
during unbalanced voltage sag solving (3) and (4) and (5). 
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The (3) and (2) solves AC bridge for three-phase voltages with appropriate amplitude and phasing., 
the converter keeps the system's power balance in check while adhering to EMC's rated V1 [18]. Mean 
alternating current (AC) power output from [10] VSI is shown (6): 


P, = 3V,*I cos( B — p1) — 3V,I cos() (6) 


The (6) describes the relationship between grid voltage sag (V+g) and motor power factor, assuming rated VI. 
The (4) and (5) state that Vg does not affect active power. On the other hand, as will be elaborated upon below, it 
affects the resulting per-phase voltages in (3) [19]. The (4) constrains Pe = 0 (EMC) for floating capacitor 
operation is shown in (7). 


V, cos(p1) < Vt 
cos(@,) = Oand sin(@,) = 1 (7) 
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Figures 3(a)-3(c) [20] induce a phase shift in the voltage supplied to the motor to maintain quadrature 
between I and V+c (Pc = 0) [20]. During a voltage drop, the compensates for the increase in V+g and keeps Pc 
equal to zero. Induction motors have a poor power factor, which increases the low-voltage ride-through range. 
Because of this, we do not explore operations [21]. 


(b) © 


Figure 3. Grid voltage phasor diagram given voltage sag (a) positive V+g. (b) negative V—g. and 
(c) resultant Vgabce [20] 


2.2. Regulations of floating capacitors 

The voltage across the floating capacitor's DC connection is governed by the natural charging process 
when there is no voltage imbalance. equation With this method, ma is held constant, and Vc can be estimated 
based on the voltage of the DC link [22]. Figure 4 [23] shows the reference voltages for the converter V*cj (t) are 
calculated. The simplest method for generating the gating signals for the switches is a carrier-based PWM 
implementation. A min-max strategy may reduce voltage stress on power semiconductors and harmonic distortion 
with a modulation index of research [24]. 

Ultimately, a motor fundamental power factor angle, dm, can be determined since Vb is about at a 90° 
angle with respect to Vx. The battery's voltage is zero-sequence and is added in series with the reference voltages 
as shown in (8) & (9). 


vej(t) = vg; ) — vi ,(t) (8) 
Veoj(t) = Vey o> 7) 


Fe = We x 100% = F< 04 (9) 
g 


Figure 4 [23] and Figure 5 [24] in (8) and (9) equations to the phasor diagram is used to illustrate the charging 
and discharging operation of a floating capacitor. Compared to electrical ones, its time constant is higher, and 
ma might be constant. 


Figure 4. Discharging [23] Figure 5. Charging [24] 


3. FUZZY LOGIC SYSTEM 

Figure 6 [25] is a common way to represent first-generation simple fuzzy logic controllers. The fuzzy 
input and output partitions are all known to the knowledge-based module [25]. The input variables for the fuzzy 
tule-base system and the output variables (control actions) for the controlled plant will be defined by a term set 
and their corresponding membership functions. In a fuzzy logic control system, one of the two inputs is the 
reference signal, which is used to determine the amount of error in the system's output [26]. The two primary 
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inputs of a fuzzy logic controller are the magnitude of the error and the rate of change in that error [27]. This 
paragraph provides an in-depth explanation of the three parts that make up the fuzzy logic controller: the 
fuzzification stage, the inference mechanism, and the defuzzification stage. The data is subsequently sent into the 
fuzzy logic controller, which uses the designer-established fuzzy rules to arrive at the intended output. The output 
of a fuzzy logic controller is processed and then passed on to the machine or motor much like the output of any 
other controller [28]. 

Figure 7 [29] shows the proportional and integral (PI) controllers are another name for an integral 
controller. It combines proportional and integral control into a single mechanism. That's why we refer to it as a 
"PI controller." The control action of the proportional controller is combined with that of the integral controller 
in the proportional-integral controller [30]. VSI based on a fuzzy-PI controller for grid-integrated induction motor 
Figure 8 We can combine two different controllers to generate a hybrid that overcomes the shortcomings of each 
controller while maintaining all their advantages. In this case, the control signal is proportional to both the error 
signal and its integral [31]. The mathematical expression for the proportional plus integral controller is [7] as 
shown in (10): 


m(t) = Kye(t) + K; f e(t) (10) 
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Figure 6. Simple fuzzy logic system [25] Figure 7. Control system with PI controller [29] 


4. RESULTS AND DISCUSSION 

Figure 8 [31] illustrates the simulation waveforms of the grid voltage, grid current and DC link voltage 
at balanced voltage sag at half load. Proposed Simulink for grid-integrated induction motor with a fuzzy-based 
controller. The grid voltage, grid current, and DC link voltage simulation waveforms with an 80% three-phase 
voltage sag are shown in Figure 9. The grid output voltage, current, and DC link simulation waveforms are 
shown in Figure 10. The grid voltage, current, and DC link voltage simulation waveforms are shown in 
Figure 11. A sag in imbalanced current is shown in Figure 12. The attributes of the overall induction motor 
torque performance as displayed in Figure 13. The attributes of the overall induction motor speed performance 
as displayed in Figure 14. Induction motor performance as measured by efficiency can be seen in Figure 15. It 
is clear from the simulated responses that the voltage sag: DC link capacitor regulated the voltage and made 
IM torque and speed constant. Employing the proposed control approach based on a half-bridge converter, 
acceptable steady state and transient responses of the IM are achieved despite grid disturbances. the output Vs 
duty cycle performance characteristics of total performance of load, speed, torque, current, output voltage 
overall efficiency. The simulation waveforms of the 360-degree performance of induction motor. 
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Figure 8. Fuzzy-PlI-controller-based VSI for grid-integrated induction motor [30] 
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5. CONCLUSION 


The proposed system can "ride through" unbalanced voltage sags for grid-connected induction motors. 


Both theory and practice supported its conclusions. VSI is used in series three-step equalizers with a floating 
DC-link capacitor. No energy supply, injection transformer, or passive filter are required for the suggested 
setup. Typical phrase: three-phase, conventional H-bridge converter for regulated grid voltage disturbances. 
This solution uses fewer parts, only one DC connection, and can handle imbalanced voltages without 
sophisticated mechanisms for regulation. The series compensator was proposed as a solution to the primary 
problem, which was an increase in the voltage of the DC link. THD of grid currents was high despite the 
proposed remedy. When there is no frequency change, squirrel-cage induction motors are used. The fuzzy- 
based controller is required to improve the grid-integrated induction motor voltage profile 


REFERENCES 


{1 


[2] 


H. G. Sarmiento and E. Estrada, “A voltage sag study in an industry with adjustable speed drives,” in Proceedings of Industrial and 
Commercial Power Systems Conference, 1996, vol. 2, no. 1, pp. 85-89, doi: 10.1109/ICPS.1994.303558. 

V. Geetha and V. Sivachidambaranathan, “A Single Switch Parallel Quasi Resonant Converter Topology for Induction Heating 
Application,” /nternational Journal of Power Electronics and Drive Systems (IJPEDS), vol. 9, no. 4, p. 1718, Dec. 2018, doi: 
10.1159 1Ajpeds.v9.i4.pp1718-1724. 

K. Pietilainen, L. Harnefors, A. Petersson, and H. P. Nee, “DC-link stabilization and voltage sag ride-through of inverter drives,” 
IEEE Transactions on Industrial Electronics, vol. 53, no. 4, pp. 1261-1268, 2006, doi: 10.1109/TIE.2006.878308. 

G. C. Jaiswal, M. S. Ballal, D. R. Tutakne, and H. M. Suryawanshi, “Impact of Power Quality on the Performance of Distribution 
Transformers: A Fuzzy Logic Approach to Assessing Power Quality,” IEEE Industry Applications Magazine, vol. 25, no. 5, pp. 8— 
17, 2019, doi: 10.1109/MIAS.2018.2875207. 

Y. Boujoudar et al., “Fuzzy logic-based controller of the bidirectional direct current to direct current converter in microgrid,” International 
Journal of Electrical and Computer Engineering, vol. 13, no. 5, pp. 4789-4797, 2023, doi: 10.1159 L/ijece.v13i5.pp4789-4797. 

A. Chandramouli and V. Sivachiadambaranathan, “Design and Analysis of a Photovoltaic System with a DC-DC Boost Converter,” 
in 2019 3rd International Conference on Computing Methodologies and Communication (ICCMC), Mar. 2019, pp. 59-67, doi: 
10.1 109/ICCMC.2019.88 19836. 

A. H. Bonnett and H. M. Glatt, “Ten things you should know about electric motors: Their installation, operation, and maintenance,” 
IEEE Industry Applications Magazine, vol. 24, no. 6, pp. 8-36, 2018, doi: 10.1109/MIAS.2017.2740456. 

“TEEE Recommended Practice for Monitoring Electric Power Quality,” IEEE Std 1159-2019 (Revision of IEEE Std 1159-2009), 
pp. 1-98, 2019, doi: 10.1109/IEEESTD.2019.8796486. 

S. Leng, A. R. N. M. Reaz Haque, N. Perera, A. M. Knight, and J. Salmon, “Smart Grid Connection of an Induction Motor Using a 
Three-Phase Floating H-bridge System as a Series Compensator,” IEEE Transactions on Power Electronics, vol. 31, no. 10, pp. 
7053-7064, 2016, doi: 10.1109/TPEL.2015.2508422. 

X. Guo, W. Liu, X. Zhang, X. Sun, Z. Lu, and J. M. Guerrero, “Flexible control strategy for grid-connected inverter under 
unbalanced grid faults without PLL,” JEEE Transactions on Power Electronics, vol. 30, no. 4, pp. 1773-1778, 2015, doi: 
10.1109/TPEL.2014.2344098. 

S. Leng, A. R. N. M. R. Ul Haque, N. Perera, A. Knight, and J. Salmon, “Soft Start and Voltage Control of Induction Motors Using 
Floating Capacitor H-Bridge Converters,” [EEE Transactions on Industry Applications, vol. 52, no. 4, pp. 3115-3123, 2016, doi: 
10.1109/TIA.2016.2539253. 

A. A. M. Faizal and P. Subburaj, “Intelligence Based Soft Starting Scheme for the Three Phase Squirrel Cage Induction Motor with 
Extinction Angle AC Voltage Controller,” Circuits and Systems, vol. 07, no. 09, pp. 2752-2770, 2016, doi: 10.4236/cs.2016.79236. 
F. Blaabjerg, J. K. Pedersen, S. Rise, H. H. Hansen, and A. M. Trzynadlowski, “Can soft-starters help save energy?,” IEEE Industry 
Applications Magazine, vol. 3, no. 5, pp. 56-66, 1997, doi: 10.1109/2943.612238. 

R. Marino, P. Tomei, and C. M. Verrelli, “Induction Motor Control Design,” Journal of Chemical Information and Modeling, vol. 
53, no. 9, pp. 1689-1699, 2010, [Online]. Available: http://link.springer.com/10.1007/978-1-84996-284-1. 

A. M. Trzynadlowski, “Control of induction motors,” Elsevier, 2000. 


Improve the voltage profile of the grid-integrated induction ... (Neelagandan Virchuly Jyothiraman) 


882 


[16] 


[17] 


[18] 


[19] 


[20] 


[21] 


[22] 


[23] 


[24] 


[25] 


[26] 


[27] 


[28] 


[29] 


[30] 


[31] 


0 ISSN: 2088-8694 


V. V. Sastry, M. R. Prasad, and T. V. Svakumar, “Optimal soft starting of voltage-controller-fed IM drive based on voltage across 
thyristor,” JEEE Transactions on Power Electronics, vol. 12, no. 6, pp. 1041-1051, 1997, doi: 10.1109/63.641502. 

C. B. Jacobina, A. C. Oliveira, N. Rocha, R. R. Matias, W. R. N. Santos, and M. B. R. Correa, “Three-phase series active power 
filter without isolation transformer and active DC source,” Conference Proceedings - IEEE Applied Power Electronics Conference 
and Exposition - APEC, pp. 1596-1601, 2009, doi: 10.1109/APEC.2009.4802881. 

J. Holtz, “Sensorless speed and position control of induction motors,” JECON Proceedings (Industrial Electronics Conference), 
vol. 1, pp. 1547-1562, 2001. 

A. A. H. Khamis, A. M. A. Abbas, and M. A. M. Algoul, “Comparative Study between a Novel Direct Torque Control and Indirect 
Field Oriented Control of Three-Phase Induction Motors,” 2022 IEEE 2nd International Maghreb Meeting of the Conference on 
Sciences and Techniques of Automatic Control and Computer Engineering, MI-STA 2022 - Proceeding, pp. 75-80, 2022, doi: 
10.1109/MI-STA54861.2022.9837649. 

S. Leng, R. Ul Haque, N. Perera, J. Salmon, and A. Knight, “Conservative DC voltage prediction of floating capacitor H-bridge 
converters for soft start of grid connected induction motors,” ECON Proceedings (Industrial Electronics Conference), pp. 456— 
461, 2014, doi: 10.1109/IECON.2014.7048540. 

A. Gastli and M. M. Ahmed, “ANN-based soft starting of voltage-controlled-fed IM drive system,” [EEE Transactions on Energy 
Conversion, vol. 20, no. 3, pp. 497-503, 2005, doi: 10.1109/TEC.2004.841522. 

A. M. Knight, J. C. Salmon, R. Haque, N. Perera, and M. S. Toulabi, “A grid-connected induction machine capable of operation at 
unity and leading power factor,” 20/3 IEEE Energy Conversion Congress and Exposition, ECCE 2013, pp. 238-245, 2013, doi: 
10.1109/ECCE.2013.6646706. 

D. B. Rathnayake, S. G. Abeyratne, and T. A. Lipo, “A dual purpose induction motor drive for a high inertia load with both quick 
run-up and power factor correction capability,” 2017 IEEE 3rd International Future Energy Electronics Conference and ECCE 
Asia, IFEEC - ECCE Asia 2017, pp. 388-393, 2017, doi: 10.1109/IFEEC.2017.7992069. 

S. Sharma, M. V. Aware, and A. Bhowate, “Integrated Battery Charger for EV by Using Three-Phase Induction Motor Stator Windings 
as Filter,” JEEE Transactions on Transportation Electrification, vol. 6, no. 1, pp. 83-94, 2020, doi: 10.1109/TTE.2020.2972765. 

I. A. Cavalcanti De Oliveira, N. Rocha, E. R. Cabral Da Silva, L. M. Silva De Siqueira, E. Cavalcanti De Menezes, and C. B. 
Jacobina, “Wind energy conversion system based on dfig with series grid side converter without transformer,” 2017 IEEE Energy 
Conversion Congress and Exposition, ECCE 2017, vol. 2017-January, pp. 3281-3288, 2017, doi: 10.1109/ECCE.2017.8096593. 
Hong-Seok Song and Kwanghee Nam, “Dual current control scheme for PWM converter under unbalanced input voltage 
conditions,” JEEE Transactions on Industrial Electronics, vol. 46, no. 5, pp. 953-959, 1999, doi: 10.1109/41.793344. 

P. N. Enjeti and S. A. Choudhury, “A New Control Strategy to Improve the Performance of a PWM AC to DC Converter under 
Unbalanced Operating Conditions,’ JEEE Transactions on Power Electronics, vol. 8, no. 4, pp. 493-500, 1993, doi: 
10.1109/63.261020. 

L. Moran, P. Ziogas, and G. Joos, “Design aspects of synchronous PWM rectifier-inverter systems under unbalanced input voltage 
conditions,” Conference Record - IAS Annual Meeting (IEEE Industry Applications Society), no. pt 1, pp. 877-884, 1989, doi: 
10.1109/ias.1989.96747. 

V. Balasubramanian, S. Chidambaranathan, and G. T. Sundar Rajan, “Super junction Mosfet and silicon carbide diode based 
transformerless solar photo voltaic inverter topology for high power conversion efficiency, zero dead time and minimized ground 
leakage current,” International Journal of Applied Engineering Research, vol. 10, no. 6, pp. 5195-5199, 2015. 

P. Rioual, H. Pouliquen, and J. P. Louis, “Regulation of a PWM rectifier in the unbalanced network state using a generalized model,” 
IEEE Transactions on Power Electronics, vol. 11, no. 3, pp. 495-502, 1996, doi: 10.1109/63.491644. 

S. Bhattacharya, Po-Tai Cheng, and D. M. Divan, “Hybrid solutions for improving passive filter performance in high power 
applications,” IEEE Transactions on Industry Applications, vol. 33, no. 3, pp. 732-747, 1997, doi: 10.1109/28.585864. 


BIOGRAPHIES OF AUTHORS 


Neelagandan Virchuly Jyothiraman © ki ( obtained his M.Tech. degree in power 
electronics and industrial drives from B S Abdur Rahman Institute of Science and Technology 
Chennai in 2012, his JNTU Anantapur degree in electrical engineering from the Institution of 
Engineers (INDIA), and his research scholar designation in the Faculty of Electrical 
Engineering from Sathyabama Institute of Science and Technology in 2018. Currently, he 
works as analog layout engineer in Struent Semi-Conductor Pvt Ltd Chennai. He can be 
contacted at email: neelagandan.vj @gmail.com. 


Viraduchalam Sivachidambaranathan © &4 D> has completed AMIE degree in 
electrical engineering from the Institution of Engineers (INDIA), M.E. degree in power 
electronics and industrial drives from Sathyabama Institute of Science and Technology in 2005 
and obtained his Ph.D. degree in the Faculty of Electrical Engineering from Sathyabama 
University, in the year 2012. Presently, he is working as professor at Department of Electrical 
and Electronics Engineering, Sathyabama Institute of Science and Technology, Chennai. He 
has published more than 80 papers in refereed international journals and conference 
proceedings. His research interest includes of power converters, multilevel inverters, and 
renewable energy. He can be contacted at email: sivachidambaram_eee@ yahoo.com. 


Int J Pow Elec & Dri Syst, Vol. 15, No. 2, June 2024: 874-882 


